Abstract -For the optimization of plasma-etching a basic knowledge of the plasma processes involved is often required. Considering the industrial etching needs and an understanding of the various etching mechanisms, the efforts of plasma research can be directed to the related plasma DrOperties. Since there exist already numerous reactor types using vastly different plasmas as discussed in paragraph 1.3, a general discussion of the plasma physics involved is not possible. As topics the formation of sheath potentials in an RF discharge and the electron energy distribution of a CF4 plasma are more extensively discussed, since these dominate the ion fluxes. Diagnostics like mass spectroscopy, emission! absorption spectroscopy and electron density measurements lead to a better understanding of the plasma and may also serve industrial needs like e.g. end point detection.
INTRODUCTION
!.1. Studies on plasmas used for plasma-etching, in the end, always concentrate on the optimization of industrial processing techniques. Therefore, insight in the basic demands and mechanisms of plasma-etching is necessary to direct the efforts of plasma research. The ever decreasing lateral dimensions of integrated circuits necessiated the introduction of dry etching techniques. When the lateral dimensions are of the same order as the thickness of the layer to be patterned,anisotropic etching is needed. Though sputter etching (ion milling) with Argon could provide the desired anisotropy, problems concerning mask erosion, selectivity and etch rate were encountered. Using plasmas that produce chemically active species, through various mechanisms, the latter parameter can be increased; etch rates > 104 Vmin have been obtained in SF6-02 plasmas [IL When the etching of a layer has been completed, it is desjrable that the underlying layer/substrate is not etched. To obtain the necessary selectivity in the etch process the discharge chemistry is altered, e.g. by an admixture of different gases; thus selectivity ratios > 50 have been obtained [2] . For clearity the concepts of anisotropy and selectivity are depicted in figure 1. The major drawbacks of wet etching, like the inability of etching small (< 3p m) structures because of surface tension or gas bubble formation, its inherent isotropic etch nature and poor selectivity, can be overcome by dry etching. But also plasma etching has its drawbacks. The desired anisotropy and selectivity are not realised in every reactor type and often severe thermal loading of the wafer occurs. Problems concerning mask attack call for thick resist films andnecessitate extra process-steps for resist hardening. Also some processes lead to substrate damage by high energy ion bombardment or residue formation. 1.2. In order to relate the desired etch characteristics to appropriate plasma properties a ffiic understanding of the actual etch mechanism is needed. Therefore three mechanisms will be briefly discussed and the influence of some plasma properties on the etching requirements concerning rate, anisotropy and selectivity will be given.
Closest to wet etching is the most simple mechanism : pure chemical etching, where no energetic particles are involved. It therefore is essentially isotropic and non-damaging. Since we are working in the gas phase the first step is chemisorption of active species (e.g. F). To achieve this, in many cases the chemisorption has to be dissociative. The next step is the formation of a reaction product (e.g. Si + 4F -'-SiF4) which has to be volatile. The third step is the desorption of this reaction product. Molecular fluorine etches silicon spontaneously but with a very low etch rate. An increase of four orders of magnitude is achieved with XeF2 [3] , in both cases the etching is proportional to the gas pressure, indicating that the first step (chemisorption) is limiting and that both the second and third step proceed at high rates. Studies of the chemisorption of halocarbons, that are frequently used in industry, show that dissociative chemisorption is not important [41 . Thus pure chemical etching isinhibited. From this it can be concluded that the gas discharge is needed to dissociate the inert halocarbons into fragments that readi-
.
ly react with silicon (e.g. CF4 to CF3 + CF3, [4, 5] ). In this way the reactivity of fluorine can also be increased if first F-radicals are produced in a discharge [61
The chemical etch rate can be drastically increased if the substrate is exposed to fluxes of energetic particles. Of far greater importance is ion bombardment of the substrate.
But recently, especially in the area of masklesspatterning , also electron beams and lasers are used to increase the etch rate. Concentrating on the ions a division can be made between ion enhanced chemical etching and chemically modified sputtering [7] .Depending on ion energy and chemical reaction volatilization ratio, either approach is more adequate. With the three process steps mentioned earlier as a guideline the effect of ions on chemical etching will be discussed briefly. Firstly the step of chemisorption can be modified in two ways. One is to transform non-active physisorbed species into fragments that show a great chemisorption rate by dissociation (e.g. F2 ads ' 2F) [71 . The other way is by creating excited surface molecules which show a much higher reaction probability with the physisorbed species [8] . Here only the sputtering of Si and S102 with CF ions and the concept of the modified surface film will be discussed. For ion energies in the range of 50. .. 1000 eV the yield of CFn species sputtering Si is less than for Ar. For C and CF, carbon deposition occurs at low energies which further lowers the sputtering rate. For CF and CF yields of 1 and 1.3 are obtained but these remain below yields expected from the shrapnel concept [12] .
There is, so to say a chemical reduction in yield rather than enhancement. In a physical sputtering situation products leaving the surface are mostly SiF2 and SiF, in contrast with chemical etching where the main product is SiF4. The concept of the modified surface film states that these products were initially present in the upper layer (10 ) of the substrate. The products may have formed through chemisorption (which may be ionenhanced) or recoil implantation. With the apparatus described in [ii] the effects of chemical and physical etching can be separated. The experiments show that the neutral products have a low halogen ratio (e.g. SiF, SiF2) and their cascade energy distribution indicates initial binding energies of 0.2 eV. The energy distribution further indicates that they left the substrate essentially by sputtering and not through thermal desorption. Relating these basic mechanisms with the desired etch properties e.g. anisotropy, selectivity and rate, shows that also the discharge chemistry is of importance and that the differetit properties are sometimes interrelated.
The etch rate depends on the abundance of chemical active species and on the intensity of ion bombardment. If any of these mechanisms is rate limiting also their ratio is of importance. With increasing ion energy the etch rate rapidly rises, but this may lead to sputter dominated etching which has low selectivity and also causes surface damage. The use of large fluxes of relatively low energetic ions (1-10 eV) seems therefore favourable. The etch rate is also strongly dependent on surface (reactor) temperature [13] which, without adequate substrate cooling may also introduce a time-dependent etch-rate. The abundance of chemical active species can not only be controlled by the discharge intensity but also by its chemistry. For example the admixture of oxygen to a CF4-discharge, through various mechanisms [7) , causes a net increase of free fluorine.
The major cause of anisotropic etching is bombardment by directionalized ions. This may be by stimulating chemisorption (surface damage), or by increasing the product formation Plasmaphysics ofplasma-etching 1313 or desorption. Another mechanism is the formation of..recombinants which prevent further etching of surfaces on which the ions are not incident. A comparison between the increased anisotropy by surface damage and the recombinant mechanism is given in litt.
[9 as a function of energy and pressure. If the etching is both of pure chemical and of ion stimulated nature, anisotropy can be increased by suppressing the chemical mechanism by changing the chemistry of the process. The degree of anisotropy is directly related to the directionality of the inc'ident ions. If several collisions occur before the ion has passed the plasma sheaths (depending on E/p) the directionality may be (partially) lost. A concept concerning this dependence on ion energy transport directionality is given by Zarowin [14] .
The ratio of etch rates between several surface components (selectivity) is mostly influenced by changing the discharge chemistry using halogenated carbons, addition of hydrogen or oxygen changes the fluorine content in the discharge and allows for preferential etching of either Si02 or Si [2, 3, 10] .
Here also the volatilization of the carbon deposit on the surface plays an important role. As stated earlier, selectivity is decreased by sputter effects.
!. To obtain the desired chemical active species and ion bombardment numerous reactors have been developed. For isotropic etching the barrel reactor and plasma effluent reactors using RF or microwave excitation are used. In these reactors the lifetime of active species is very important and wall-interaction mechanisms can play a dominant role in the plasma 2hemistry. Most common is the parallel plate reactor, where the plasma is produced between planar electrodes or hexagonal electrodes. Here the plasma is in contact with the wafer and ion bombardment is used to increase the etch rate and to achieve anisotropy. Since the sheath potential depends on the electrode surface area ratio, a large potential (up to 2 kV) may be present in front of the smallest electrode, leading to reactive ion etching. To obtain optimal etch results plasma parameters are varied over a wide range : pressures from 1O . . . . 10 torr and excitation frequencies either in the LF range (50. . . .400 kHz) or RF (13.56 MHz).
Different methods are used to increase the plasma intensity : producing extra electrons with auxilary discharges or filaments (triode etching [15] ), by using magnetic fields to confine the electrons [16, 17] , or by increasing the gas pressure and power density. The latter method has the disadvantage of losing ion directionality by collisions with neutrals in the sheath. Another approach is to use a seperate plasma (e.g. microwave) for the production of active species and a second power source (RF) for sheath formation [18, 19] . A recent review article on different plasma processes used for plasma etching is given by Fonash [20] , discussing also the etching characteristics of the various methods.
DISCHARGE PHYSICS
J. Within the scope of this presentation we would like to present an overview of recent developments in the understanding of the physics of RF-discharges working at frequencies about 10 MHz. This of course limits the scope and represents a personal choice by the authors. Several important types of discharges applied in plasma chemistry will be omittedbut the problems involved with the use of the planar RF-discharge appear to be typical for quite a number of applications of non-equilibrium, low density plasma devices for the processing of solid state interfaces.
Although consensus exists about the main features, until recently the details of the discharge physics involved appear to be somewhat underdeveloped. E.g. the subdivision of the planar discharge in a glow region and two sheaths regions is generally accepted and stands firmly on the basis of the Langmuir sheath model. However, the specific time dependence of charged particle fluxes towards the electrodes has not been measured in detail and consequently time dependent behaviour of sheath potentials is unclear. This has strong implications for the way power is absorbed in the discharge [21] and is important for etching applications, where etching is enhanced by energetic incoming ions. Beside considerations on the Langmuir model, where the particle current fluxes from the plasma towards the electrodes are central, the RF-discharge can be considered composed of a number of electrical circuit elements. Especially at higher frequencies where displacement currents become dominant, this model can be successful in interpreting etching results.
Another important feature is the electron energy distribution. In the last ten years model calculations of electron energy distributions have been increasingly focused from atomic gases towards molecular gases [22] .Strong impetus has been received from the modelling of molecular gas lasers. But the problems involved in RF-plasmas are not only more complicated by the varying electric fields but also by the electrode effects. This implies that spatial dependency should be taken into account [23) . An important question is whether energetic ions from the glow may cause secondary electron emission at the electodes. Within the glow these accelerated electrons with energies comparable to the RF-amplitude may play an important role in the ionization-diffusion balance of the plasma [24] . SHEATH 
POTENTIALS
In an RF-driven planar discharge we can discern three regions. The glow region where a quasi-neutral plasma exists and the two boundary layers where space charges maintain a strong potential difference. Very often one sees this set up represented by the electrical network of fig. 2 . The impedance of the glow is represented by Rg• The sheaths Fig. 2 : Equivalent network of RF-discharge by the capacities C1 and C2 parallel to the leakage resistors R1 and R2 resp. The space charge in front of the electrodes is represented by the charge on the capacities and the leakage current of ions from the discharge seeps through R1 and R2. The diodes are present because no plasma will be maintained against an electrode with higher potential. The glow will have positive potentials Vg -V1 and Vg -V2 with respect to electrode I and electrode 2 resp. In a stationary situation, because of the continuous leak of positive charge from the capacities, the diode parallel to the smallest capacity will during part of one RFcycle charge the larger capacity to maintain the average values of the sheath potentials. The leakage rate determines how long the diode switch has to be open. If the leakage is negligible thin the average value of the sheath potential is
where v is the RF-amplitudo and C2 > C1.
This model has been successful in explaining a number of experimental observations. Assuming that the capacities are proportional to the electrode area, from the ratio of electrode areas, the sheath potentials can be estimated. E.g. in a recent paner K6hler et al [251 reported on measurements of bombardment energies of ions on the electrodes in an argon RF-discharge. The experiments in a D.C. and A.C. -coupled set up appear to sustain a linearized sheath model of the discharge. Zarowin et al [14] determined the relation between the etching anisotropy of polysilicon in a CC14-plasma and the power input. They used the model to relate the power input to the sheath potential which determines the anisotropy.
An equivalent circuit as in Fig. 2 cannot be a fully sound basis for analyzing all aspects of RF-discharge behaviour for all external parameter combinations. E.g. it does not explain all measurements of the glow potential in a A.C.-coupled situation as reported in ref.
[251 . But more fundamentally, the representation of a space charge sheath by a capacity and the leakage of ion current by an ohmic resistor are only approximations. It is possible to acknowledge these non-linearities by the use of concepts from probe theory by Langmuir. Assume an RF-plasma to exist within a volume, where also two electrodes, with contact surfaces A1 and A2 are present. The potential differences between the plasma and the surfaces are again Vg -V1 and Vg -V2. If one assumes that the potential differences are mainly across the sheaths (i.e. R2 0) and the Langmuir assumptions are valid if follows that the currents in the electrode leads are
Because i = -i and assuming i . Note that potentials V have been reduced to v by dividing through kTe/e, where Te is the electron temperature of electrons leaving the plasma. The electron, resp. ion current densities at the sheath-glow boundary are ie and j, the electrode areas are Aj and A2. The result (2.1) is rather specific because it implies instantaneous charge conservation.
In a D.C.-coupled situation when v1 = 0 and v2 = v cos ut, with v >> 1, one can write in that case
In fig. 3 one sees the development of vg and v2 of the sheath potentials is both related to v1 = 0. The average value If one assumes charge conservation to be follows that this value is effective only averaged over the RF-cycle it -Ia1! + ln ei (2.4) There are experimental indications that this dependency is confirmed [28] . However, the results of ref. [25] comply rather with the capacitance sheath model. In the A.C.-coupled case (see fig. 4 ) it iswell known that the coupling capacitor gets a D.C. potential.
J vc+vcoswt
A11r. Here we will try to develop expressions for the value of this potential. Again assuming instantaneous charge conservation we may use (2.1). Neglecting the displacement currents we can write for the conduction current.
Ic=(Ai -A2) 'A1 -A2 A1 expv1 +A2 p2}
If we assume v = 0 and v = v + v cos wt, where v is the D.C. potential across the Numerical calculations show that for relative large v this ratio scales with (A1/A2)3. An analysis by Horowitz [29) of sputtering plasma experiments appear to follow this dependency better than the (A1/A24 dependency from the model by Koenig and Maissel [30) .
So although successful in some respect it appears that the Langmuir model cannot explain all experimental data. But the capacitance sheath models also have their problems in explaining known data. Apparently to balance the electrode currents it is not necessary for the plasma to be short circuited against the electrodes during half of the cycle. But to consider the discharge as a semi-linear device described by circuit elements is also too simple.
Models should at least take into account dielectric currents in order to improve upon the Langmuir model. The convection currents e.g. are to be considered modulated by the past history of the ions and electrons in the sheath. But apart from theory there is a large shortage of consistent data on sheath potentials and a lot of work needs to be done.
ELECTRON ENERGY DISTRIBUTIONS
Electron energy distributions (EED) in RF-discharges are important in many respects. They define both the transport properties of the plasma and the production rates of ions, electrons and excited particles. An important parameter in the calculation of an EED is the product w-r , where w is the RF frequency and Tm is the momentum transfer time for electron-molecuI'e collisions. Is WTm < I, then in most gases the EED will be able, at least partly, to follow the field and will show modulation. Is ur > 1, then the EED is determined by stochastic heating. Margenau [31] showed that in a homogeneous plasma, without electron-electron interactions and inelastic collisions a quasi-maxwellian distribution develops with an average energy
To be useful in the modelling of etch and/or deposition plasmas this simple picture should be extended to include inelastic collisions, electron-electron interaction and spatial non-uniform effects. Up to now this program has been hardly executed. Solving the Boitzmann equation (BE) for the electrons including all these aspects presents a formidable task and only isolated aspects of the problem have been subject of study. In practical situations i.e. in planar RF-discharges at frequencies around 13,5 Mhz, pressures around 1 torr in molecular gas it occurs that w 1/Trn, attachment, vibrational excitation are present and the distance between the electrodes is such that spatial effects should be taken into account.
To give more insight in the scaling of the average energy <c> we follow a reasoning by Eletskii and coworkers [32] . Since in the case WTm > 1 the electron gains an amount of energy in the order of e2E/(nhjJ2) between two consecutive elastic collisions, M/m collisions are necessary to get to average energy (2.6). But in a limited volume there is also a diffusion limited electron lifetime TD dependent on the size of the container as well as on the ambipolar diffusion coefficient. If inj So the bulk of the EED will at RF frequencies not follow the field modulation, but part of it can, depending on the field amplitudo and the gas pressure. In our standard situation where e.g. vibrational processes play an important role, in first order no effects of field modulation in the EED can be expected. An interesting point was made by Garscadden [24] . Starting from the idea that the electrodes in a planar reactor are bombarded by ions of 100 eV or more, he assumed that secondary electrons with a very high energy should be added to the BE as a source term at high energies. These electrons are very effective in carrying out inelastic collisions because of their energy but also because of confinement and multipactor effects. In this respect the influence of these electrons is similar to fast electrons in a hollow cathode glow discharge. This idea has been checked in a mixture of silane and hydrogen. Numerical calculations showed that the ratio of the number of fast electrons to the number of slow electrons could be io. The result of these calculations can be seen in Fig. 6 .
It appears that at high energies the distribution lies in between a Maxwellian and a Druyvesteyn distribution with the same average energies. At lower energies the distribution follows a Maxwellian. In Fig. 5 the breakdown (Eb) and the maintenance values (Em) of the effective field strength in the glow are shown as a function of CF4-pressure.
Fig. 5
Breakdown and maintenance values of the electric field Experimental studies of etching plasmas use various diagnostics e.g. mass spectroscopy, optical diagnostics and electron density measurements.
1. MASS SPECTROSCOPY AND OPTICAL DIAGNOSTICS
Mass spectroscopy is a very powerful and relative simple tool to study the discharge and reaction chemistry. It may be used in an effluent situation (sampling neutral products) or the mass spectrometer may be located in an electrode which also allows for the extraction of charged particles [33, 34, 35] .
In the latter case not only the reactive neutrals or reaction products may be analyzed, but also the ions impinging in the surface. Using an energy analyzer it is possible to measure the ion energy distribution, which in some cases, can be directly related to the sheath potential [25] Mass spectroscopy studies on negative ions are greatly complicated because negative ions can not readily leave the plasma, therefore afterglow techniques or beam extraction would be necessary. Optical diagnostics like emission spectroscopy may also lead to considerable insight in the plasma density of the discharge [361 . Besides first identifying species and measuring their luminous intensity as a function of discharge parameters, also absolute densities can be inferred. If a known percentage of probe gas (e.g. Ar, N2) is mixed with the process gas relative intensities of e.g. F lines and Ar lines allow for a determination of absolute F densities. The applicability of this actinometric method is discussed in several papers by d'Agostino [37, 38) and Gottscho [39] . Absolute densities of molecular species e.g. SiF4, CO can be readily determined by infrared absorption spectroscopy [41) . For a 0.13 torr, 100 W CF4 discharge these are in the range of 2. 1020 m3.
A very powerful technique is L.I.F. which allows for spatially resolved density measurements which can also be time-resolved [41, 42, 43 , 44 1
ELECTRON DENSITIES
Since electrons play a dominant role in low-pressure, low-temperature plasmas, knowledge of the electron density and also electron temperature is essential for plasma modelling. Both parameters can be experimentally determined by probe measurements. Performing reliable probe measurements in RF plasmas is however very difficult, e.g. different authors give electron temperatures ranging from 2. . . 14 eV or even as high as 30 eV.
Electron temperatures of 3.16 eV as calculated from measured plasma potentials [25] compare favourable with the values derived with the multiple time scale formalism discussed in section 2, see also [23.1. Electron densities have been determined for low pressure (< 27 Pa). Low power density 0.1 W/cm2) plasmas with a microwave cut-of method [45'] , indicating densities in the 101 m3 range for Ar, 02 and CHF3. Another method, developed by one of the authors, uses a single wafer etch reactor constructed as a microwave cavity [46] . Measuring the frequency shift of different resonant modes allows for electron density determination and also gives a rough spatial density distribution. Figure 7 shows the electron density in a CF4 plasma as a function of pressure and power. In contrast to [45] , electron densities measured in Ar are substantially ('-' factor 10) higher, also no maximum is found. 
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Comparison with figure 8 , showing electron densities as calculated with the multiple time scale formalism, indicates that the maximum in figure 7 is in perfect agreement with theory (Ae 10 cm). Recent experiments, using an ellipsometer to determine the etch rate in situ [40] indicate that, at maximum me, also the etch rate shows a maximum.
